Photo-triggered transformation from vesicles to branched nanotubes fabricated by a cholesterol-appended cyanostilbene † Vesicle trafficking, including budding and fusion, is an important and essential process in cellular conformational movement, extension and division of natural living organisms. 1, 2 Lipid membrane curvatures 3 allow the formation of different topological morphologies, which have been proven to be intimately connected to their functions. From a fundamental research point of view, supramolecular chemistry along with colloid and interface science has been adopted to fabricate a wide range of artificial nano-architectures in order to investigate the mechanisms of cellular differentiation and transmembrane transport. 4 Membrane-based supramolecular selfassemblies, such as vesicles, tubes and lamella, that share similar bilayer membranous structures with cellular membranes, are among the most explored structures due to their applications not only in controlled release, bioimaging, sensors, templating and microreactors, but also in cellular membrane mimics. 5 External stimuli could trigger morphological transformations of membranous selfassemblies accompanied with the changes of apparent properties like turbidity and luminescence. 6, 7 For example, vesicle to nanotube and vesicle to micelle transitions could be achieved by varying solvents, pH and light. 8 Since vesicles normally exist as thermodynamically unstable colloids, some vesicles and polymersomes are capable of fusing together either in a spontaneous manner or when induced by external perturbations like sonication or light irradiation. 9 Vesicle to nanotube transformation via the fusion pathway offers a novel approach for building up artificial cellular membrane models to mimic membrane fusion in the vesicle trafficking.
Utilizing light as the stimulus may endow the dynamic process with more properties and functions due to its clean and ''green'' features. During the supramolecular self-assembly process of luminescent building blocks, two distinct effects often occur, namely aggregationcaused quenching (ACQ) and aggregation-induced emission (AIE), which account for the fluorescence quenching and enhancement during the aggregation, respectively. 10 AIE fluorophores are typically aromatic rings such as tetraphenylethene (TPE) and stilbene derivatives that can rotate freely in their monomeric state. Since these systems showed strong AIE in their aggregated state, they were developed as new materials for bioimaging, organic light emitting diodes (OLED), and biosensors.
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Herein, we have presented a cholesterol-appended cyanostilbene (CSC) that can spontaneously form vesicles in solution, and subsequently fuse together to generate branched and capped nanotubes when induced by UV light irradiation (Scheme 1). Multiple color conversions were achieved via AIE and photoisomerization-induced emission enhancement. When destroying the aggregates by external stimuli, the fluorescence originated mainly from the cis-isomer could be turned on, offering a novel route to detect the stimuli.
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In the present system, we successfully utilized this principle to detect H 2 O 2 selectively under UV light irradiation. In an organic solvent, the emission of CSC shows an overall redshift upon increasing the solvent polarity (Fig. S1, ESI †) , indicating that the environment can affect the aggregation of CSC. CSC has an emission peak at l max = 490 nm in tetrahydrofuran (THF) with a blue-greenish color, while the color could hardly be observed under UV light. When adding a large fraction of water into the THF solution, a significant redshift of the emission peak (l max = 550 nm) occurred with greatly enhanced intensity (Fig. 1a) . As compared to our previous report, 11a where no obvious AIE was observed from cyanostilbene with an alkyl chain in good/poor solvents, the cholesterol fragment of CSC significantly promotes the emission. The maximum intensities of CSC with different water volume fractions ( f w ) are summarized in Fig. 1c , showing two different tendencies. When f w was below 60%, the emission at 490 nm was further quenched. As it exceeded 60%, the emission intensity started to increase, revealing a critical solvent ratio for effective molecular aggregation. A large portion of water might lead to compact aggregation, as observed by the strong emissions of samples with 90 vol% and 95 vol% water. that dioxane is another good organic solvent and can also be used to present similar absorption and emission changes by the addition of water ( Fig. S5-S7 , ESI †).
To probe the diameter and morphologies of the aggregates prepared from CSC, dynamic light scattering (DLS), transmission electron microscopy (TEM), and scanning electron microscopy (SEM) were employed. The average diameter of the aggregates was determined to be 130 nm for the sample in H 2 O/THF (9/1, v/v) solution (Fig. 1d) . Uni-lamellar vesicles with diameters of 80-200 nm were observed by TEM (Fig. 1e) . The f w -dependent TEM and SEM studies reveal that the vesicles started to emerge when the water fraction was higher than 60 vol% (Fig. S8, ESI †) . Interestingly, when the water fraction increased, the size of vesicles gradually shrunk from initial giant vesicles (over 1 mm, Fig. 1f and Fig. S8 , ESI †) to small size vesicles (50-200 nm). It is well known that the size of the self-assemblies is determined by the curvature of molecular arrangements to some extent. 5, 15 Thus, the decrease of vesicle size actually reflects the increase of membrane curvature with high compactness of molecular packing. When the mixture solution has a higher water fraction, the solvophobic effect of CSC would be increased accordingly, favoring the formation of aggregates with higher curvature. The compact packing further restricts the free rotation of the cyanostilbene unit to achieve the AIE. Thermal stability of the vesicles was also evaluated (Fig. S9 , ESI †). Upon heating, the emission intensity of CSC shows a decreasing tendency accompanied by a slight blue shift, which may be aroused by the destruction of well-defined p-p stacking arrays at high temperature. Cyanostilbene could be switched from the initial trans (Z-) form to the cis (E-) form upon UV light irradiation at 254 nm.
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The photoisomerization of the cyanostilbene unit in CSC was confirmed by NMR and mass spectrometry ( Fig. S10 and S11 , ESI †). After light irradiation, proton peaks of aromatic rings shifted to higher fields. Meanwhile, no new peaks could be found from the mass spectrum after UV light irradiation. According to NMR integral studies, the ratio between trans and cis isomers was 20 : 80, similar to other reported photoisomerizable species.
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Induced by the trans to cis isomerization of CSC in THF, the absorption peak of CSC decreased remarkably (Fig. S12, ESI †) , and the emission spectrum showed a blue shift to 435 nm with significantly increased intensity (Fig. 2a) . The emitted solution color transformed from weak blue-greenish to strong blue (inset of Fig. 2a, and Fig. S14 , ESI †). Conformational restriction of cisisomer is responsible for the enhanced luminescence. According to our previous computational studies, 11 the freely rotatable dimethylaminophenyl group with a dihedral angle of 177.91 in the trans-cyanostilbene moiety enables a twisted intramolecular charge transfer (TICT) state, resulting in nonradiative decay or fluorescence quenching in low viscosity solvents like THF. Nevertheless, the free rotation is greatly restricted within the cis-isomer (Fig. 2d ) with a dihedral angle of 8.91. Thus, the TICT pathway 
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was suppressed in the comparatively rigid cis-isomer of CSC, giving a strong fluorescent emission. Unexpectedly, for the self-assembled state of CSC in the H 2 O/THF mixture (9/1, v/v) upon UV light irradiation (0 to 8 h), the luminescence was progressively quenched, and the emitted solution color turned from yellow to blue-greenish (Fig. 2b , as well as Fig. S14 and S15, ESI †). The observed abnormal quenching after light irradiation may be explained by the formation of stacked excimer species, 10 resulting in ACQ. After isomerization, CSC in the self-assembled state exhibited a blue shift of the absorption band around 380 nm with decreased intensity (Fig. 2c, and Fig. S13 , ESI †), suggesting that the J-type p-p stacking rearranged into an H-type one to quench the emission. TEM was employed to further examine the aggregates after photoisomerization (Fig. 2e and f) . Surprisingly, entangled tubular networks instead of vesicles were observed after UV light irradiation. The enlarged TEM image showed that the networks were actually branched single wall nanotubes with slightly shorter diameters (50 to 150 nm). From spherical caps of these nanotubes (Fig. S16, ESI †) , it was hypothesized that the nanotubes might be generated from the fusion of individual vesicles. In order to verify this assumption, the samples with insufficient UV light irradiation were investigated by TEM (Fig. 2g and h, and Fig. S17, ESI †) . The merging and fusion process from vesicles to tubular morphology was observed and confirmed. Based on the TEM observations, the fusion-directed vesicle to nanotube transition could be described as follows. During UV light irradiation, the vesicles first make surface contact with each other assisted by Brownian movement, followed by the formation of figure eight or ''peanut'' shaped intermediates (Fig. 2g and h) . Further induced by the expansion of the contact area, tunnels would be constructed between linked vesicles, finally forming the nanotubes (Fig. S18, ESI †) . The present vesicle to nanotube transition features multiple and branched vesicle fusion, which is responsible for the formation of entangled nanotubes instead of bigger spherical vesicles. The reason is that, after light irradiation, the obtained cis-CSC favors the formation of a more planar bilayer topology with a high curvature value (e.g., nanotubes). DLS results showed broader size distribution from 200 to 2000 nm, indicating the formation of large size aggregates of entangled nanotubes (Fig. 2i) .
Basically, there are two main transition pathways, including protein assistance and perturbation-induced process, during membrane fusion in living organisms and artificial membranes of liposomes, polymersomes and vesicles.
9,17 Photoisomerization and conformational change should be the major reasons for morphological transition. Firstly, isomerization changes the molecular orientation of CSC in membranes, resulting in the instability as well as deformation of vesicles. In addition, configurational conversion from the trans to cis isomer brings about a shift in solvophilic/solvophobic balance, which has a profound impact on the curvature and topologies of aggregates, as explained by the theory of molecular packing parameters. 18 On top of that, the cisisomer has higher polarity and rigidity than the trans-isomer, allowing for a tighter molecular arrangement to lower the exposure of the solvophobic portion. Tighter molecular arrangement might endow it with higher curvature in favor of the contact of vesicles as well as their extension along the axis orientation, which in turn promote the tubular formation (refer to more detailed discussions in ESI †).
As the fluorescence of the cis-isomer was ''sealed'' in the nanotubes due to the ACQ effect, the destruction of the ordered structure might release the quenched fluorescence. As displayed in Fig. S19 (ESI †), after adding a large amount of THF into the nanotube-containing H 2 O/THF (9/1, v/v) solution, the solution emitted stronger blue light under a UV lamp. 11 The introduction of extra THF would disrupt the solvent mixture balance, thus leading to the disassociation of nanotubes to free cis-CSC with strong blue luminescence. We envisaged that the unique disassociation induced emission enhancement might provide a new route to probe the presence of external stimulus that can trigger the disassociation of nanotubes. Therefore, we utilized this character to quantitatively detect the presence of H 2 O 2 assisted by UV light irradiation. UV light irradiation plays two roles in this detection: one is to photoisomerize trans-CSC to yield cis-isomer with strong emission, while the other one is to decompose H 2 O 2 to generate highly energetic hydroxyl radicals ( OH) that can destroy the self-assembled structures. As shown in Fig. 3a and Fig. S20 Fig. 3b and c) , 19 suggesting that the destruction of CSC assemblies was concentration dependent with respect to H 2 O 2 . With the increase in irradiation time, the fluorescence intensity first increased at 485 nm, yet it showed a decreased tendency afterwards ( Fig. S21 and S22 , ESI †). This phenomenon indicates that, at the initial stage, the dissociation of the assemblies allows for the enhancement of fluorescence intensity due to the suppressed ACQ effect. The OH generated from H 2 O 2 would then continue to degrade CSC, reducing the amount of light emitting species in solution. Upon UV light irradiation, the absorption around 400 nm started to decrease, attributed to the isomerization and the degradation of CSC. After 6 h of irradiation, no obvious absorption peak was observed, indicating that most of CSC was degraded. When adding more H 2 O 2 , the absorption at 395 nm decreased, while a peak at 254 nm enhanced gradually, suggesting the breakage of more cyanostilbene moieties (Fig. S23 , ESI †). The TEM image (Fig. 3d ) of the H 2 O 2 /UV treated sample displayed irregular structures, further supporting the assumptions based on the above fluorescence and absorption studies. In summary, vesicles have been prepared from the selfassembly of cholesterol-appended cyanostilbene. Upon UV light irradiation, the emission of free molecules was greatly enhanced, while the fluorescence was quenched in the assembled state due to the conformational change caused by photoisomerization of the cyanostilbene unit. Notably, the photoisomerization could induce the vesicle fusion to form capped and branched nanotubes. Through the introduction of external stimulus to deform ordered tubular aggregates assisted by UV light irradiation, the fluorescence was recovered. This unique feature was utilized to detect H 2 O 2 with good selectivity and linear response. 
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